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Introduction

Fanconi anemia (FA) is a rare hereditary disease characterized 
by chromosomal instability, developmental abnormalities, bone 
marrow failure, and predisposition to cancer.1-5 FA can be clas-
sified into 16 complementation groups, each associated with a 
defective FA gene. The FA gene products participate in the FA/
breast cancer allele (FA/BRCA) DNA repair pathway, which is 
responsible for genome maintenance after DNA:DNA cross-
links, DNA:protein crosslinks, and S-phase replication stress.4 
While the study of the repair of interstrand crosslinks has been 
instrumental in defining the players in the FA/BRCA network, 
recent work is focusing on defining the endogenous causes of 
DNA damage underlying FA pathogenesis. These studies suggest 
that the FA/BRCA pathway has evolved as a central surveillance 
mechanism for DNA replication fork problems.6,7

The FA proteins themselves coordinate an array of enzymes 
from different repair pathways. FANCM/FAAP24 and the FA core 
complex function early. FANCM/FAAP24, an ATP-dependent 

translocase, has multiples roles, one of which may be the rec-
ognition of DNA lesions.1,8-13 The FA core complex, in turn, 
ubiquitylates the downstream FANCD2 and FANCI factors. 
The FA core complex consists of FANCA, FANCB, FANCC, 
FANCE, FANCF, FANCG, and FANCL, an E3 ubiquitin 
ligase together with an associated 100-kDa protein FAAP100.4 
During the intermediate steps of the pathway, in S-phase cells, 
the monoubiquitylated FANCD2:I complex stabilizes replica-
tion forks stalled at the sites of DNA damage.6,7 FANCD2:I also 
coordinates the actions of SLX4(FANCP) and multiple nucleases 
(MUS81:EME1, XPF:ERCC1, SLX1, and FAN1) to incise and 
excise the lesions in an incompletely delineated sequence of steps 
that somehow correctly feeds one intermediate into the next. 
FANCD2:I also regulates translesion polymerases and the NER 
(nucleotide excision repair) machinery that collaborate to remove 
damaged bases from the strand that is not incised. At a stalled rep-
lication fork or stalled converging forks, these nucleolytic events 
give rise to DSBs (double-strand breaks). During the late stages 
of repair, the DSBs are repaired by HDR (homology-directed 
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FANCD2 is required for the repair of DNA damage by the FA (Fanconi anemia) pathway, and, consequently, FANCD2-
deficient cells are sensitive to compounds such as cisplatin and formaldehyde that induce DNA:DNA and DNA:protein 
crosslinks, respectively. The DNA2 helicase/nuclease is required for RNA/DNA flap removal from Okazaki fragments dur-
ing DNA replication and for the resection of DSBs (double-strand breaks) during HDR (homology-directed repair) of rep-
lication stress-induced damage. A knockdown of DNA2 renders normal cells as sensitive to cisplatin (in the absence of 
EXO1) and to formaldehyde (even in the presence of EXO1) as FANCD2−/− cells. Surprisingly, however, the depletion of 
DNA2 in FANCD2-deficient cells rescues the sensitivity of FANCD2−/− cells to cisplatin and formaldehyde. We previously 
showed that the resection activity of DNA2 acts downstream of FANCD2 to insure HDR of the DSBs arising when replica-
tion forks encounter ICL (interstrand crosslink) damage. The suppression of FANCD2−/− by DNA2 knockdowns suggests 
that DNA2 and FANCD2 also have antagonistic roles: in the absence of FANCD2, DNA2 somehow corrupts repair. To 
demonstrate that DNA2 is deleterious to crosslink repair, we used psoralen-induced ICL damage to trigger the repair of a 
site-specific crosslink in a GFP reporter and observed that “over-resection” can account for reduced repair. Our work dem-
onstrates that excessive resection can lead to genome instability and shows that strict regulatory processes have evolved 
to inhibit resection nucleases. The suppression of FANCD2−/− phenotypes by DNA2 depletion may have implications for 
FA therapies and for the use of ICL-inducing agents in chemotherapy.
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repair), requiring BRCA2 (FANCD1), RAD51C (FANCO), 
BRIP1, BRCA1, PALB2, and FANCJ. Alternatively, if repair is 
mediated by a competing pathway of NHEJ (non-homologous 
end joining), chromosomal instability can ensue.14-16 The pro-
teins involved in the critical DSB resection step in HDR have not 
yet been unequivocally identified.

In addition to comprising a complex network in and of itself, 
this FA/BRCA pathway integrates with many additional repair 
pathways. Bloom syndrome has many symptoms and cytological 
defects similar to FA. The gene mutated in Bloom syndrome, 
BLM, and FANCD2 are localized to the ultrafine bridges that 
form in mitosis and are associated with chromosome instability 
and aneuploidy.17,18 These bridges are thought to be due to the 
failure to resolve incomplete replication at common fragile sites. 
BLM and FANCD2 also interact and cooperate to promote the 
restart of stalled replication forks during replication stress.19,20 
FANCM is an additional FA protein that interacts with the BLM 
complex (BLM:TOPOIIIα:RMI1:RMI2).11,21,22 Moreover, the 
MRE11, RAD50, and NBS1 (MRN) complex and C-terminal-
interacting protein (CtIP) stabilize FANCD2 at sites of DSBs, 
allowing for its localization to DNA damage and subsequent 
ubiquitylation.23 Thus, CtIP and MRN complex play a role early 
in the FA/BRCA pathway in addition to their critical role in the 
HDR step required for the completion of FA/BRCA repair. In 
summary, the interaction of FA/BRCA factors with so many 
additional DNA repair factors and pathways suggests that the 
FA pathway may be the central sensor and/or regulator for most 
cellular DNA damage responses.

The links between the BLM and MRN complexes and FA 
proteins suggested to us that the DNA2 helicase/nuclease, which 
partners with BLM and MRN in resection, might be critical for 
the completion of the FA pathway.24 Consistent with this hypoth-
esis, DNA2 knockdown cells accumulate in G

2
 and show mitotic 

defects, such as aneuploidy, increased internuclear chromatin 
bridges, increased micronuclei, and pulverized chromosomes,25,26 
similar—though not identical—to phenotypes of FA and BLM 
cell lines. The DNA2 nuclease functions in flap removal during 
Okazaki fragment processing, in protection against unwanted 
fork regression at stalled forks, and is one of 2 major nucleases, 
the other being EXO1, required for the critical step of resection 
in HDR to produce the 3′ overhang essential for recombina-
tion.27-33 In addition, in both yeast and human we have shown 
that DNA2 physically interacts with the BLM helicase to affect 
resection at DSBs.31,32,34 Human BLM protein suppresses the 
temperature-sensitive growth defects and the DNA damage sen-
sitivity of dna2–1 mutant yeast.34 The FANCM ortholog in yeast 
is MPH1. Interestingly, yeast MPH1 overexpression suppresses 
the replication-defective phenotype of dna2 mutants, and puri-
fied Mph1 stimulates the exo-endonuclease activities of Dna2 
during Okazaki fragment processing.35

In investigating a role for DNA2 in the HDR step of the FA/
BRCA pathway, we have found that the double knockdown of 
both DNA2 and EXO1, but not of either nuclease alone, leads to 
hypersensitivity to cisplatin.24 Mechanistically, DNA2 or EXO1 
appear to act in a 5′ to 3′ resection event. Breaks accumulate 
in metaphase chromosomes in DNA2/EXO1 knockdowns, 

and knockdowns fail to produce single-stranded DNA at sites 
of cisplatin-induced crosslinks, as measured by reduced RPA 
phosphorylation and fewer RAD51 foci.24 DNA2 immunopre-
cipitates reproducibly contain FANCD2, though the reverse is 
observed only after overexpression of DNA2, probably due to the 
low levels of nuclear DNA2 in human cells.24,25,36 In our cur-
rent work we show that, unexpectedly, depletion of DNA2 can 
suppress the sensitivity of PD20 FANCD2−/− cells to cisplatin 
and to formaldehyde. Similarly to DNA2 depletion, the dele-
tion of the key NHEJ factor Ku also suppresses the ICL sen-
sitivity of FANCD2−/− cells.14,15 It has been proposed that in 
the absence of FANCD2, Ku corrupts repair by funneling the 
repair events toward error-prone NHEJ instead of error-free 
HDR.14,15 To explain the suppression of FANCD2−/− by deple-
tion of DNA2, we suggest that unregulated DNA2 also corrupts 
repair. In the case of DNA2, this occurs due to over-resection, 
either of flaps or the ends of DSBs. To support this hypothesis, 
we present evidence to show that DNA2 can inhibit faithful FA/
BRCA-dependent HR by unregulated resection. Demonstration 
that DNA2 can be deleterious in FA repair is important, since 
over-resection has been implicated in the production of single-
stranded DNA, which may be involved in increased clustered 
mutagenesis and the massive genome rearrangements occurring 
in a single step in many cancer genomes.37-40 More specifically, 
suppression of FANCD2−/− phenotypes by DNA2 depletion may 
have therapeutic impact on survival of FA patients and in the use 
of ICL-inducing agents in chemotherapy.

Results

Cisplatin and formaldehyde sensitivity of FANCD2-
deficient cells are rescued after DNA2 depletion

We examined the genetic interaction between FANCD2 and 
DNA2 in the repair of cisplatin- or formaldehyde-induced dam-
age. Using PD20 FANCD2−/− cells complemented with wild-
type FANCD2 or an empty vector, we depleted DNA2 using 
shRNA techniques (Fig.  1A). DNA2 was reduced to levels 
undetectable by western blotting. The cell lines were exposed 
to cisplatin, and a clonogenic assay was performed (Fig. 1A). As 
expected, the FANCD2−/− cells were very sensitive to cisplatin, 
whereas the FANCD2−/− cells complemented with FANCD2 
were resistant. However, in shDNA2 and FANCD2−/− doubly 
deficient cells, instead of increased ICL sensitivity, we found sig-
nificant (P < 0.05) resistance to cisplatin damage compared with 
FANCD2-deficient cells alone (Fig.  1A). This rescue is stron-
ger than we previously reported, consistent with lower residual 
DNA2 levels detected by western blotting in the knockdowns.24

In addition to DNA:DNA crosslinks generated by clasto-
genic agents such as cisplatin, the FA/BRCA pathway is also 
implicated in the repair of DNA:protein crosslinks (DPCs), 
such as those produced by either endogenous or exogenous 
formaldehyde (HCHO).41 FANCD1/BRCA2- and FANCD2-
deficient cells are hypersensitive to endogenous levels of form-
aldehyde, and in chicken DT40 cells, mutations in the ADH5 
gene, encoding a major formaldehyde-detoxifying enzyme, are 
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synthetically lethal with FANCD2−/−, implying that the FA path-
way is vital for DPC repair.41,42 We next tested whether deple-
tion of DNA2 also suppressed formaldehyde sensitivity in PD20 
FANCD2−/−. Cells were exposed to formaldehyde, grown for 48 
h, and the surviving fraction was determined. As with cisplatin, 
we found that the double DNA2 knockdown:FANCD2−/− cells 
were significantly less sensitive to formaldehyde than the single 

FANCD2-deficient cells (Fig.  1B). Thus, depletion of DNA2 
suppresses the sensitivity FANCD2−/− cells to formaldehyde, as 
well as to cisplatin.

DNA2-depleted cells are hypersensitive to formaldehyde
To further implicate DNA2 in the FA/BRCA network, we 

determined if DNA2 might be required for the repair of DPC 
lesions, by testing whether DNA2 deficiency results in elevated 

Figure 1. Depletion of DNA2 in FANCD2−/− cells rescues both cisplatin and formaldehyde sensitivity. (A) DNA2 depletion was performed using shSCR 
(scrambled) or shDNA2 targeted to exon 22 in PD20 FANCD2−/− cells (PD20:EV) or in PD20 FANCD2−/− complemented with FANCD2 (PD20:FD2). Knockdown 
was confirmed by western blot analysis. Clonogenic survival assays were performed after exposure to low doses of cisplatin. FANCD2−/− refers to the 
PD20 cells, FANCD2+/+ refers to the FANCD2-complemented PD20 cells. For these experiments, cells were transduced with virus containing shSCR or 
shDNA2 for 24 h, selected with puromycin for 48 h, then seeded in 12- or 24-well plates for treatment with cisplatin or formaldehyde. See “Materials 
and Methods” for details. (B) PD20 FANCD2−/− shDNA2 cells are resistant to formaldehyde. Cells were treated as in (A). (C) DNA2 depleted A549 cells are 
sensitive to formaldehyde. DNA2 was depleted in A549 lung cancer cells by targeting endogenous DNA2 at exon 22 (shDNA2) or the 3′ UTR (shDNA2*). 
As a control, a scrambled shRNA was also used (shSCR). Survival was determined after high-dose 4-h exposure or low-dose 6-d exposure. (D) DNA2-
complemented A549 cells were resistant to formaldehyde exposure for 48 h. Western analysis confirms DNA2 depletion and complementation with 
wild-type, shRNA-resistant DNA2 in A549 cells treated as in (C), see “Materials and Methods”. (E) DNA2 depletion also sensitizes HeLa cells to formalde-
hyde. DNA2 was depleted in HeLa cells with shDNA2 or shDNA2* and treated with low-dose formaldehyde as in panel (C). Error bars indicate the mean 
± SEM for n ≥ 2 independent experiments.
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formaldehyde sensitivity. We depleted DNA2 in FANCD2-
proficient cells prior to exposure to formaldehyde and measured 
cell survival after a short exposure to high doses of formaldehyde 
(Fig. 1C). We found that DNA2-depleted lung cancer cells were 
hypersensitive to formaldehyde (Fig. 1C, center). We performed 
similar studies for chronic exposure to low doses of formalde-
hyde (Fig. 1C; right). We included in these studies 2 indepen-
dent shDNA2 constructs, shDNA2 and shDNA2*, which target 
exon 22 and the 3′UTR of DNA2, respectively, to ascertain 
whether the results were DNA2-specific. The cells were exposed 
to low doses of formaldehyde, within the range of physiologi-
cal concentration in human plasma,43 for 6 d and assayed for 
survival. We found a significant increase in cellular sensitivity 
to formaldehyde after DNA2 depletion (Fig.  1C). To further 
confirm that the formaldehyde sensitivity was due to DNA2 
depletion and not off-target effects, we performed complementa-
tion experiments where shDNA2* was co-introduced into cells 
that expressed recombinant, RNAi-resistant DNA2. The cells 
expressing an empty vector were hypersensitive to formalde-
hyde, but the cells expressing RNAi-resistant DNA2 were able 
to repair the DPCs (Fig. 1D). DNA2-depleted HeLa cells were 
as sensitive to formaldehyde as the lung cancer line (Fig. 1E). We 

conclude that depletion of DNA2 leads to sensitivity to ICLs and 
DPCs in human cell lines.

FANCD2 competent cells lacking DNA2 are resistant to cis-
platin in the presence of EXO1. However, such cells were sensi-
tive to formaldehyde, even in the presence of EXO1 (Fig. 1C–E). 
Interestingly, depletion of FANCD2 reduces the need for 
DNA2 in formaldehyde-induced damage repair (Fig.  1B) (see 
“Discussion”).

Although we have successfully depleted DNA2 using shRNA 
technologies to study its role in DNA replication and repair, the 
cells cease to express the targeting construct after ~5 d in culture, 
and we generally only achieved 70–80% depletion. To examine 
the response of cells to the complete absence of DNA2, we gener-
ated a conditional knockout line where exon 2 of the DNA2 gene 
is deleted (Lee et al. manuscript in preparation). The colorectal 
carcinoma HCT116 cell line that is otherwise diploid44 carries 
3 copies of DNA2 due to a small duplication on one copy of 
chromosome 10. Two chromosomal copies were disrupted using 
rAAV-mediated gene targeting technology,44,45 and exon 2 of the 
third allele was replaced with a conditional exon, where the exon 
was flanked by loxP sites (DNA2flox/−/−). These cells were addi-
tionally engineered to express a tamoxifen (4-OHT)-inducible 
Cre recombinase. Thus, the cell line is viable and can be propa-
gated, but the addition of tamoxifen to the culture media leads 
to excision of the endogenous DNA2 and the generation of a 
true DNA2-null cell (Fig. 2A). DNA2-proficient cells (treated 
with ethanol, EtOH) actively replicated, while DNA2-deficient 
cells did not proliferate, but remained viable for the course of 8 
d (Fig. 2A and B). We examined the sensitivity of these tamoxi-
fen (4OHT)-treated cells to formaldehyde. The cells were treated 
with tamoxifen for 48 h and then exposed to formaldehyde for 
a further 48 h before fixation, staining, and quantitation using 
Li-Cor Odyssey scanner. DNA2-deficient cells were significantly 
more sensitive to formaldehyde than the controls (Fig. 2C). At 
the higher exposure concentration, heterozygotes were also more 
sensitive than cells carrying 3 wild-type copies of DNA2.

Over-resection can inhibit crosslink-triggered repair
The experiments in this section support the hypothesis that 

DNA2 knockdown can reduce unwanted resection at an early 
step in the FA pathway, thus increasing HDR. To investigate 
if DNA2 depletion can increase ICL- or DPC-induced repair, 
we studied various repair-specific reporter constructs. We moni-
tored ICL repair using a plasmid-encoded TR-oriP-GFP with a 
conjugated psolaren moiety (pso-TFO) to deliver the psolaren 
to a specific site within the GFP gene in the construct.46 After 
exposure to UV, a DNA:DNA crosslink is formed, which, when 
efficiently repaired, leads to GFP expression. The plasmid car-
rying the reporter also has an Epstein–Barr virus (EBV) origin 
of replication, oriP, and the U2OS cells in which these experi-
ments were performed express the Epstein–Barr nuclear anti-
gen (EBNA1) replication initiation protein. Thus, repair of the 
resulting crosslink is coupled to DNA replication. This repair 
is dependent on both early (FANCA) and late (HDR proteins 
such as BRCA2, RAD51) acting components of the FA pathway 
and is a specific measure of ICL-induced repair.47 We depleted 
DNA2 in cells containing the TR-ori-GFP construct, and unlike 

Figure 2. HCT116 cells without endogenous DNA2 expression are sen-
sitive to formaldehyde. (A) Western blot showing DNA2 depletion in 
HCT116 DNA2flox/−/− cells after addition of tamoxifen (4-OHT). (B) Cell pro-
liferation is impaired after knockdown of endogenous DNA2. (C) DNA2-
knockout cells are sensitive to formaldehyde. Error bars indicate mean ± 
SEM for n ≥ 2 independent experiments.
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cells with BRCA2 depletion, which showed a reduction 
of GFP+ cells,47 we found a significant (P < 0.03) increase 
in GFP+ cells using shDNA2 depletion (16%) compared 
with shSCR controls (6%) (Fig. 3A). We conclude that in 
wild-type (shSCR-treated) cells, DNA2 was responsible 
for excess resection, resulting in reduced repair of this 
specific construct. After depletion, the cells were better 
able to repair the ICL damage and yield an increase in 
GFP+ cells (using EXO1 or residual DNA2).

To support this interpretation, we used a different GFP 
reporter that monitors single-strand annealing (SSA). 
SSA involves the repair of DSBs between 2 repeated 
sequences.48 SSA requires resection but does not require 
strand invasion,48 as the 2 3′-overhangs simply align and 
anneal. SSA was measured with the SA-GFP reporter 
system.49 GFP+ cells can only arise after extensive resec-
tion of a 2.7-kb intervening region between 2 incomplete 
but overlapping GFP gene segments. After induction of 
a DSB by I-SceI, and resection, the 2 segments can align 
and anneal generating GFP+ cells (Fig. 3B). If our model 
is correct, this reporter should have decreased production 
of GFP+ cells in the absence of DNA2. Indeed, a sig-
nificant reduction (P < 0.01) in GFP+ cells in shDNA2-
treated cells compared with shSCR controls was observed 
(Fig. 3B; ref. 24). Using the same SA-GFP reporter, we 
overexpressed recombinant DNA2 and measured repair 
after I-SceI expression. In this assay we reasoned that 
increasing the cellular pool of DNA2 would improve the 
efficiency of resection. We achieved a robust expression of 
DNA2 (Fig. 3C; top panel) that resulted in a significant 
increase (P < 0.02) in GFP+ cells (Fig. 3C; bottom panel). 
We conclude that DNA2 catalyzes extensive resection in 
these reporter assays.

FANCD2-deficient cells have increased chromo-
somal aberrations attributed to NHEJ.14,15 We next tested 
for the ability of DNA2 to resect DNA at DSB ends 
designed to be repaired by NHEJ using additional GFP 
expression reporters.49 First, the EJ2SceGFP construct 
measures alternative NHEJ (alt-NHEJ), a process that 
utilizes microhomology immediately adjacent to DSB 
ends for repair (Fig.  3D). Resection by DNA2 of the 
microhomology regions after DSB induction would be 
expected to decrease the efficiency of alt-NHEJ. To test 
the effect of DNA2, we overexpressed the protein and 
enumerated GFP+ cells by flow cytometry. We observed 
a significant (P < 0.01) reduction in GFP+ cells among 
cells overexpressing DNA2 in comparison to controls 
(Fig.  3D). Next, the EJ5SceGFP construct (Fig.  3E) 
measures total NHEJ that takes into account DSBs 
repaired by both alt-NHEJ and canonical NHEJ. In this 
reporter, trimming at the sites of an I-SceI-induced DSB 
is required to efficiently generate substrates for canoni-
cal NHEJ. Impairment of alt-NHEJ does not affect the 
readout (because removal of microhomology regions pro-
duces a substrate for canonical NHEJ). We hypothesized 
that since overexpression of DNA2 reduced alt-NHEJ 

Figure 3. Suppression of FANCD2 deficiency correlates with a decrease in resec-
tion after DNA2 depletion. (A) Top panel: diagram of the U2OS TR-oriP-GFP 
reporter used to examine repair after ICL generation. TFO, triplex forming oligo-
nucleotide without psoralen; pso-TFO, oligonucleotide with psoralen. Bottom 
panel: DNA2-depleted cells have a significantly higher percentage of GFP+ cells. 
Repair efficiency is defined as %GFP+ cells relative to transfection frequency in 
panels (A–E). (B) Top panel: diagram of the U2OS SA-GFP reporter used to exam-
ine resection after I-SceI-induced DSB. Bottom panel: DNA2-depleted cells have 
significantly lower percentage of GFP+ cells. (C) The top panel shows high-level 
expression of DNA2 in U2OS cells with SA-GFP reporter. Bottom panel: cells with 
high-level expression of DNA2 have a significantly higher percentage of GFP+ 
cells. (D) Left panel: diagram of the EJ2-GFP alt-NHEJ reporter used in U2OS cells 
to examine resection of microhomology DNA after I-SceI expression. High-level 
expression of DNA2 caused a significant reduction in GFP+ cells. (E) Left panel: 
diagram of the EJ5-GFP total-NHEJ reporter in U2OS cells used to examine resec-
tion after I-SceI expression. High-level expression of DNA2 caused a significant 
increase in GFP+ cells. Error bars indicate mean ± SEM for n ≥ 2 independent 
experiments.
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(presumably because of over-resection), then using a construct 
that favors resection for repair should increase GFP+ cells. In 
keeping with our other results, we saw a small but significant 
(P < 0.03) increase in GFP+ cells after expression of DNA2 com-
pared with vector control (Fig.  3E). We conclude that DNA2 
upregulation increases resection at I-SceI-induced breaks, regard-
less of their configuration.

FANCD2 foci formation is not affected by DNA2 depletion
FANCD2 localizes to chromatin at sites of ICL damage, 

where it interacts with BRCA2 and forms immuno-detectable 
foci.45,50 CtIP or Mre11 appear to be involved in an early step in 
ICL repair, because CtIP or Mre11 depletion prevents FANCD2 
recruitment to sites of damage and ubiquitylation of FANCD2 
in the presence of ICL damage.23,42 Since CtIP and Mre11 are 
implicated in resection just upstream of DNA2,29,31,32,51 it was 
of interest to test whether DNA2 was also required at an early 
step for FANCD2 activation. Previously, we showed that the 

depletion of endogenous DNA2 did not affect 
FANCD2 monoubiquitination after cisplatin 
treatment.24 Here we examined whether DNA2 
knockdown affected FANCD2 foci formation 
after treatment with ICL-generating cisplatin. 
Consistent with our results with the ubiquity-
lation of FANCD2, DNA2-depleted cells were 
able to accumulate FANCD2 foci after cisplatin 
treatment (Fig. 4A and B). DNA2 was similarly 
dispensable for FANCD2 ubiquitylation after 
treatment with formaldehyde (Fig. 4C and D). 
The control in these experiments was a FANCD2 
K561R that cannot be ubiquitylation (Fig. 4D). 
Interestingly, FANCD2 foci also accumulated 
in DNA2-depleted cells without cisplatin expo-
sure (Fig. 4A and B). This accumulation is also 
seen in cells lacking the DNA2 partner, BLM 
helicase.17 A consequence of DNA2 depletion 
is the accumulation of endogenous DNA rep-
lication fork stress26 that, like nucleotide depri-
vation,7 may recruit FANCD2 to stalled or 
damaged DNA replication forks. We conclude 
that DNA2 is required downstream of MRE11 
but not for FANCD2 ubiquitylation and focus 
formation. These observations support the pro-
posed role of DNA2 in the HDR step.

Discussion

We previously reported that human DNA2 
helicase/nuclease and EXO1 nuclease are 
involved in DSB resection during repair of 
cisplatin-induced ICLs. We proposed that these 
nucleases function during late steps in the FA/
BRCA pathway that requires HDR proteins.24 
In this report, we provide additional evidence 
that DNA2 coordinates with the FA/BRCA 
network. Our study suggests that the activ-

ity of DNA2 at DSBs, while ultimately participating in repair, 
must be tightly regulated to ensure that the nuclease does not 
abnormally resect the intermediate DNA substrates needed for 
efficient DNA damage repair. Our major finding is that deple-
tion of DNA2 rescues the cisplatin and formaldehyde sensitivity 
of PD20 FANCD2−/− cells, rather than increasing their sensitiv-
ity, as might have been expected. We went on to show that this 
suppression correlated with an increase in the FA-directed repair 
of a single, site-specific psoralen crosslink in cells depleted of 
DNA2. Moreover, we observed a decrease in resection of DSBs, 
which suggested that the lethality in FANCD2−/− cells may be in 
part due to over-resection by DNA2. Since FANCD2 activates 
multiple nucleases to incise next to crosslinks, and this repair is 
coupled to replication and occurs at stalled replication forks, we 
propose that FANCD2 is needed to negatively regulate DNA2 
nuclease activity, directly or indirectly. Otherwise, DNA2 may 
carry out excessive and/or premature clipping/resection, for 

Figure  4. DNA2 depletion does not affect formation of FANCD2 foci after cisplatin expo-
sure. (A) U2OS cells with endogenous DNA2 depletion were treated with cisplatin (15 μM, 
24 h) and stained with anti-FANCD2 or γH2Ax antibodies. A representative immunofluores-
cence image of FANCD2 foci is shown. (B) Quantification of FANCD2 foci-positive cells that 
are also positive for γH2Ax foci. (C) FANCD2 is monoubiquitylated in DNA2-depleted A549 
cells treated with or without formaldehyde. (D) PD20 FANCD2−/− complemented with vec-
tor, FANCD2 wild-type, or FANCD2-K561R cDNAs were treated with formaldehyde and west-
ern blots prepared. Formaldehyde-treated cells showed FANCD2 monoubiquitylation, and 
FANCD2-K561R mutants were not monoubiquitylated. Error bars indicate mean ± SEM for  
n ≥ 2 independent experiments.
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example, before the translesion synthesis (TLS) and nucleotide 
excision repair (NER) machinery can repair the sister chromatid. 
Such repair must occur before the sister chromatid can provide 
intact donor information for faithful HDR repair of putative 
DSB intermediates.

DNA2 over-resection might also play a negative role in the 
later HDR steps in the absence of FANCD2. Over-resection 

could inhibit HDR, and we have previously 
demonstrated that depletion of DNA2 actu-
ally increases HDR in GFP-reporter-based 
assays.24 In a similar manner, depletion of 
the PCNA-associated recombination inhibi-
tor (PARI) abrogates the HDR defect and 
sensitivity to PARP1 inhibitor of FANCD1/
BRCA2-deficient cells.52 Importantly, unreg-
ulated resection, both at DSBs and at stalled 
replication forks, has recently been implicated 
in the highly clustered mutations frequently 
arising in cancer genomes, and, thus, our 
results implicate DNA2 as one possible cul-
prit in this mutagenic process37,38,53,54 as well as 
in other chromosomal catastrophes in cancer 
cells.55

Like depletion of DNA2, depletion of Ku 
or DNA-PKcs also suppresses the sensitiv-
ity of FANCD2−/− to cisplatin in chicken, 
worm, and human cells.14,15 It has been sug-
gested that in the absence of FANCD2 or core 
FANC proteins, NHEJ proteins, including 
Ku70 and DNA-PKcs, achieve access to the 
DSBs and disrupt the desired error-free HDR-
mediated genome repair.14,15 Supporting this 
idea, DNA-PKcs was found to inappropriately 
accumulate at sites of replication stress in the 
absence of FANCD2.15 DNA2 might also 
have increased access to ends in the absence 
of FANCD2. In the case of DNA2, the FA/
BRCA proteins may normally limit the access 
of DNA2 to DNA ends arising during the 
multi-stage processing that occurs before the 
positive function of DNA2 is required in 
HDR of DSBs arising in the pathway, i.e., 
after crosslink removal, TLS, and NER repair 
of the sister chromosome to provide the donor 
for faithful DSB healing.

An attractive alternative interpretation 
of our results derives from consideration of 
the recently established role of FANCD2 
in protection of replication forks stalled in 
the presence of reduced levels of nucleotide 
precursors by HU (hydroxyurea).6,7 DNA-
damaging agents cause cellular stress that is 
especially amplified during DNA replication. 
DNA replication stress leads to replication 
fork stalling and, eventually, fork collapse. 
Stalled forks are susceptible to instability, and 

cellular mechanisms have evolved to stabilize the forks, remove 
the perturbation, and restart DNA replication.56 Compelling 
evidence suggests that FA proteins are involved in the stabiliza-
tion of replication forks independent of their ICL damage repair 
functions. For example, FANCA- and FANCD2-deficient cells, 
like FANCD1/BRCA2-deficient cells, show extensive nascent 
DNA degradation after HU treatment.6,57 FANCD2/I are 2 of 

Figure 5. Models depicting the roles of DNA2 and FANCD2 during DNA repair and replication 
stress. (A) Replication fork is stalled by an ICL or DPC or other impediment. (B) Replication halts 
at the obstacle, and various proteins are recruited, including FANCM/FAAP24 and the FA core 
complex. Left: Fork protection, (C1) Fork regression may occur to form a chicken foot structure. 
FANCD2 is required to prevent licensing of resection of nascent DNA by MRE11 and perhaps 
regulate the nuclease activity of DNA2. (D1) In FANCD2−/− cells, DNA2 and other nucleases 
excessively resect the nascent DNA. (E1) In FANCD2−/− cells, depletion of DNA2 prevents exces-
sive resection allowing cells to survive. Right: FA/BRCA repair, (C2) during ICL repair, FANCD2/
FANCI recruits nucleases to unhook the crosslink. (D2) FANCD2 regulates resection by nucle-
ases to generate 3′ DNA ends suitable for HDR. (E2) In FANCD2−/− cells DNA2 and other nucle-
ases excessively resect the DNA at the DSB. (F2) In FANCD2−/− cells, depletion of DNA2 prevents 
excessive resection allowing the cells to survive.
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the major proteins recruited to replication forks stalled by nucleo-
tide depletion, further supporting a major role in fork protec-
tion,7,58 and recruitment requires FANCD2 monoubiquitylation.7 
Overexpression of RAD51 in FANCD2-deficient cells is enough 
to suppress DNA degradation, and this appears to be solely due to 
single-stranded DNA:RAD51 filament stabilization, rather than 
stimulation of HDR.6,57

MRE11 nuclease inhibition reduces nascent DNA degrada-
tion at stalled replication forks.57,59 The prevailing model for 
DSB resection presumes that the MRN/CtIP nuclease com-
plex licenses resection of DSBs with limited exo-endonuclease 
action.60,61 Resection to produce the overhangs for strand invasion 
then proceeds using either EXO1/BLM or DNA2/BLM.24,31,61,62 
Thus, it is unlikely that the Mre11 nuclease is solely responsible 
for the nascent DNA degradation and extensive single-stranded 
DNA observed in the absence of FANCD2,6,7 and DNA2 might 
also be involved in nascent DNA degradation in the absence of 
FANCD2. Supporting this sequence of events, we have shown 
that DNA2 depletion, unlike Mre11 or CtIP depletion, does not 
affect FANCD2 monoubiquitylation24 or FANCD2 DNA damage 
focus formation (Fig. 4A). Thus, DNA2 seems to act downstream 
of CtIP and MRN in the FA/BRCA pathway, since depletion of 
either MRN complex or CtIP, unlike depletion of DNA2, reduces 
FANCD2 monoubiquitylation and foci accumulation.23,63 DNA2 
removal may suppress the genome instability in FANCD2−/− cells 
if DNA2 is involved in fork degradation in FANCD2−/− cells.

A model for antagonistic DNA2:FANCD2 interactions is 
summarized in Figure 5. Our previous model for DNA2 func-
tion in ICL repair is shown on the right (Fig. 5, C2–F2). On the 
left is a model for a general role for DNA2 at stalled replication 
forks (Fig. 5, C1 to E1). We envision that the substrate for fork 
degradation at a fork stalled by many types of barriers, including 
but not limited to crosslinks, is a reversed fork (Fig. 5, C1). This 
might participate in recombinational fork restart, as proposed by 
others (Fig. 5 C1; arrow).6,24,57,64 Alternatively, this recombino-
genic intermediate may lead to genome instability. DNA2 is an 
intrinsic replication fork protein and might be poised to recognize 
reversed forks.26,62 In fact, in fission yeast, DNA2 is proposed to 
prevent deleterious recombinogenic replication fork reversal by 
cleaving nascent ssDNA at stalled replication forks.33 In normal 
cells, FANCD2 may downregulate the resection of reversed forks. 
In FANCD2−/-cells, however, DNA2 catalyzes excessive resec-
tion resulting in genome instability (Fig. 5, D1 and E2). Thus, 
a role for DNA2 at the replication fork, either in preventing or 
degrading reversed forks, may account for the apparent resistance 
to ICLs and DPCs. It will be interesting to analyze the genome 
status of the cells surviving without FANCD2 and DNA2. It is 
possible that the cells still accumulate gross chromosomal rear-
rangements, but at a lower frequency, thus allowing them to bet-
ter survive. This will be important to establish, as it might affect 
tumorigenesis in such cells.

Because the FA/BRCA proteins have also been implicated in 
the resolution of DNA:protein crosslinks,41,42,65 it is interesting 
that DNA2-deficient cells are sensitive to formaldehyde, and that 
the formaldehyde sensitivity of PD20 FANCD2−/− cells is sup-
pressed by DNA2 depletion. Formaldehyde is thought to induce 

DNA:protein crosslinks. It is not immediately clear why DNA2-
depleted cells are sensitive to formaldehyde, because there is 
conflicting evidence as to whether other HDR pathway proteins 
are involved in the repair of formaldehyde-induced DNA dam-
age.41,42 However, since replication forks are predicted to stall at 
DNA:protein crosslinks, DNA2 may play a role protecting the 
stalled forks, in either preventing or resolving reversed forks that 
arise due to the stall or in removal of flaps that arise during repair 
of the adducts (Fig. 5). We were surprised that in the absence 
of FANCD2, the DNA2 knockdowns were no longer sensitive 
to formaldehyde. It is possible that another formaldehyde-repair 
pathway is activated in the absence of both DNA2 and FANCD2. 
However, we have no evidence as to what the pathway involves.

Based on our findings, it is conceivable that the interplay 
between DNA2 and FANCD2 is not limited to the repair of 
ICLs, but rather is a part of an evolutionarily conserved mech-
anism for addressing genome perturbation. Although the sup-
pression of FANC-deficient chicken, worm, and human cells 
had suggested that FA phenotypes might be relieved by inhibi-
tion of NHEJ proteins, the contradictory finding in mouse, that 
Ku−/−:FANCD2−/− mice showed enhanced sensitivity to cross-
linking agents, brings the usefulness of NHEJ inhibitors into 
question.16 The improvement in survival of FA cells after DNA2 
depletion may be advantageous to FA patients, offering a chance 
for better survival.

Materials and Methods

Cell culture and transfections
A549, U2OS, U2OS-DR-GFP66 U2OS-SA-GFP, EJ2, 

and EJ548 cells were gifts from Dr P Dervan, Dr W Dunphy, 
California Institute of Technology, Dr M Jasin, Memorial Sloan-
Kettering Cancer Center, and Dr J Stark, City of Hope, respec-
tively. PD20 FANCD2−/− lines were obtained from the Fanconi 
Anemia Research Fund. Cells were maintained in Dulbecco 
modified Eagle medium (DMEM) containing 10% heat-inacti-
vated fetal bovine serum (FBS) and 1% penicillin/streptomycin 
at 37 °C in 5% CO

2
.

Virus production and infection
Virus was produced in HEK293T cells as described.25,26,67 

Briefly, cells were transfected with pLKO.1.shSCR, 
pLKO.1.shDna2, pLKO.1.shDna2, or pLKO.1.shDna2* 
and pCMVΔR8.2 and pCMV-VSV-G using BioT (Bioland 
Scientific).25,26 Virus was recovered 48 h post-transfection, and 
infections were performed in cells overnight in the presence of 
10 μg/ml of protamine sulfate. Transduced cells were selected 
with 2 μg/ml of puromycin for 48 h. The following sequences 
were used for the hDNA2 short hairpins: 5′-CATAGCCAGT 
AGTATTCGAT G-3′ for shDna2, 5′-CCGGCCAGCT 
TTGAAGATGG ATTAACTCGA GTTAATCCAT 
CTTCAAAGCT GGTTTTTG-3′ for shDna2*.

Construction of human conditional DNA2-null somatic cell 
lines

The conditional DNA2flox/−/− null HCT116 cell line was con-
structed with the aid of rAAV (recombinant adeno-associated 
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virus)-mediated gene-targeting technology.44,45 DNA2 is triploid 
in the HCT116 cell line, and all 3 alleles were sequentially tar-
geted with a rAAV targeting vector designed with 3 loxP sites 
flanking the exon and a drug-resistance marker. Subsequently, 
the cell line was also modified to express Cre recombinase under 
a tamoxifen-inducible promoter. As a control, DNA2flox/+/+ cells, 
which were generated after one round of targeting, were used. 
Details of the cell line construction and additional phenotypes 
will be described elsewhere (Lee et al., manuscript in preparation).

Knockdown rescue experiment
For complementation studies, virus was produced as described 

above using plasmids with pLKO.1.shDna2*. After transduction 
and selection, cells were transfected with pCMV7.1–3XFLAG-
DNA2 wild-type, pCMV7.1–3XFLAG-DNA2-nuclease-dead, 
or pCMV7.1–3XFLAG-empty vector.68

Clonogenic and survival assays
Briefly for survival assays, 48 h after depletion of DNA2, 

50 000 cells were seeded into 24-well plates the day before treat-
ment with drugs. For acute exposure, formaldehyde (0, 40, 80, 
160, 320 μM) was added for 4 h in PBS. Cells were washed in 
PBS and grown for 5 d. For chronic exposure, cells were continu-
ously grown in formaldehyde (0, 30, 60, 90, 120 μM) for 6 d. To 
determine viability, cells were fixed and stained with crystal violet 
and scanned with a Li-Cor Odyssey scanner (Li-Cor Biosciences). 
The surviving fraction was determined by comparing treated with 
the non-treated controls. A clonogenic assay was also performed 
for cisplatin sensitivity by seeding 1000, 2000, or 3000 PD20 
cells per well, which were then exposed to cisplatin (0, 0.62, 1.25, 
2.5 μM) for 24 h, washed, and cultured. Colonies were allowed 
to form for 14 d prior to fixation, staining with crystal violet, 
and enumeration of visible colonies. Surviving fraction was deter-
mined by comparing treated with the non-treated controls.

Immunofluoresence microscopy
U2OS cells were grown on poly-L-lysine-coated coverslips and 

treated with 15 μM cisplatin for 1 h. Cells were pre-extracted 
with cytoskeletal buffer (10 mM HEPES/KOH pH7.4, 300 mM 
sucrose, 100 mM NaCl, 3 mM MgCl

2
, 0.5% Triton X-100, 1 

mM PMSF, protease, and phosphatase inhibitors) and fixed 
with 4% formaldehyde for 25 min at room temperature. After 
fixation, cells were washed and blocked in 10% FBS/PBS before 
addition of primary antibodies (α-FANCD2, α-γH2Ax) diluted 
at 1:1000 in 10% FBS in PBS. Cells were incubated overnight at 
4 °C, washed in 10% FBS/PBS, and stained with secondary anti-
bodies anti-rabbit IgG-Alexa Fluor 488 or anti-mouse IgG-Alex 
Fluor 594 for 1 h at room temperature. DNA was counterstained 
with 4’ 6’-diamidino-2-phenylindole (DAPI, 0.3 μM), and cov-
erslips were mounted on slides with Vectashield mounting agent 
(Vector Laboratories). Images were acquired using Zeiss Axio 
epifluoresent microscope and processed with AxioVision Rel. 4.8 
(Carl Zeiss) and Adobe Photoshop (Adobe) software.

Resection assay using GFP constructs
DNA2 was depleted or expressed from pCMV7.1-3XFLAG-

DNA2 vector in TR-oriP-GFP, DR-GFP, SA-GFP, EJ2, or EJ5 
containing U2OS cells. Cells were transfected with an empty 
plasmid, a plasmid expressing the I-SceI endonuclease, or a plas-
mid expressing GFP for 48 h. GFP+ cells were determined by 
flow cytometry.

Statistical analysis
Student t tests were performed at P < 0.05 for samples with 

n > 2.
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